Abstract-
The variable rotation technique (VRT), as shown in [12] , has four interesting features for circular polarization.
1) The VRT requires that the reflection coefficients of the two orthogonal linear components are of equal magnitude and 180°o ut of phase.
2) The reflected circular polarized waves save their polarization sense for both right-handed (RH) and left-handed (LH) components. 3) An additional phase is added to the phase of the reflection coefficient for circular polarization, which depends on twice the rotation angle of the element, approximately. 4) The additional phase changes with rotation in opposite sense for the right and left polarizations. This additional phase change allows the design of reflectarray by generating layouts with rotated elements. The opposite senses for the phase variation with the rotation angles for the RH and LH polarizations can permit the design of dual beams using the same layout as shown in [13] and [14] . In these last references, welloptimized designs for reflectarrays conformed to parabolic surfaces are presented using VRT. The unit cell of the reflectarray is one dipole printed on a single dielectric layer, which only allows the phase adjustment for one linear field component, being the orthogonal component imposed by the dielectric thickness. The phasing capabilities of the proposed reflectarray cells are very limited and impose some constraints on the dielectric thickness, to ensure the required phase difference of 180°by controlling only one field component. Although the simulation results presented in [13] and [14] are very promising, the concept of generating two spaced beams in dual-CP by VRT has not been experimentally demonstrated.
In this communication, we experimentally validate the concept of generating two spaced beams in dual-CP by VRT. Unlike [13] , [14] , we have chosen as the rotating element a dual-linear polarization element, which consists of a cross with thin arms. Contrary to the single dipoles proposed in [13] and [14] , these elements provide roughly independent phase control of the components of the reflected electric field, which are parallel to the arms of the cross. This independent phase control provides an additional degree of freedom to produce the difference of 180°between the phases of the reflection coefficients required to apply the VRT. The concept of generating two spaced beams in dual-CP with a single dual-polarized feed is demonstrated for the first time by manufacturing and measuring a 25 cm × 25 cm flat reflectarray in the Ka-band. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. in the reflectarray/reflector surface of the ray-path that goes from the source, S, to a point P in the aperture plane. Lengths of path segments SR and RP are d1 and d2, respectively. We will refer to this antenna as the "primitive antenna." Its radiation pattern will be computed considering the magnetic equivalent current M T (x, y) at point P in the aperture plane AA , which will be the xz plane in the coordinate reference system. The phase delay ∅ T (x, y) of the magnetic current at point P is given by
where ∅ 1 and ∅ 2 are the phase delay introduced by the propagation along path segments SR and RP, respectively,
where k o is the wavenumber at the working frequency. The phase delay ∅ R is introduced by the reflection coefficient of the reflectarray cell at point R. When the primitive antenna is a reflector, ∅ R = π radians. To compute the radiation pattern of the primitive antenna, we will apply the equivalence principle [15] in the aperture plane shown in Fig. 1 . We will consider for this computation the coordinate axes associated with this plane, such that its z-axis is perpendicular to the plane and its positive semiaxis is in the upper semispace in Fig. 1 . The equivalent magnetic current can be expressed at point P of coordinates (x, y) of this system as follows:
where M 0 (x, y) takes into account the amplitude and phase variation of the complex amplitudes of the x-and y-components of the electric field generated by the feed located at point S. In this communication, circular polarized feed will be considered. We can apply a Fourier transform to compute the unnormalized radiation pattern D(k x , k y ) for directions not so far from the mentioned z-axis
where (k x , k y ) are the spectral angular coordinates
where (θ, ϕ) are the spherical angular coordinates and Sp indicates the aperture surface of the primitive antenna in the aperture plane AA where the equivalence principle [15] is applied. Depending on the design parameters, the pattern D(k x , k y ) of the primitive antenna can have a collimated narrow beam, a shaped conformed beam, or any other form.
By adding in the reflectarray or reflector surface, a layout of VR elements, we can obtain for a given circular polarization (RH), that we will call copolar sense, the following expression for the phase of the reflection coefficient:
where k x and k y are the spectral angular coordinates for the desired direction of the beam in CP (θ , ϕ )
with the new reflection phase, we obtain for the copolar circular polarization of the following unnormalized radiation pattern:
It can be seen that the new and original patterns are related by
We can appreciate that the new radiation pattern is similar to the original one except for a shift in the angular spectral space given by the vector
We know, from the theory of VRT, that for the orthogonal circular polarization (LH), the phase of the reflection coefficient is given by
and the radiation pattern has the original radiation pattern with a shift of the spectral coordinates opposite to the copolar case
and now the spectral shift vector is given by k LH
From the previous development, we can see that a dual-beam antenna can be developed using a primitive antenna with a reflectarray/reflector surface, flat or curved, fed by a dual-circular polarized source by adding a layout of VR elements. According to (9) , (10), (12) , and (13), if the primitive antenna generates the same pencil beam in a given direction for each circular component, the new antenna generates two spaced beams. Each beam has been displaced opposite spectral shift vectors with respect to the original beam.
Now, we will relate the shifts on the real space spherical angular coordinates with the angular spectral coordinates. We start assuming that the reference axis of the main beam of the primitive antenna is given by the spherical angular coordinates (θ m , ϕ m ). The spectral angular coordinates of this axis (k mx , k my ) can be obtained from
By introducing the layout of VR elements, the main axis changes its orientation and now its direction for the copolar circular component is described by the spherical angles (θ m + θ, ϕ m + ϕ), related with the corresponding spectral coordinates (k mx + k x , k my + k y ) as follows:
By combining (14) and (15), we found (16a) and (16b), as shown at the bottom of the next page. The previous expressions can be particularized to some interesting cases, for instance, when the beam steering is in xz plane
In this case, we have that
A particular subcase of the previous case is when (17) is satisfied but, also, we have that
In this case, we have for θ
According to (20) for obtaining a tilt of θ of the main beam with ϕ = 0, the rotating element shall introduce a phase delay slope of
This phase delay slope is achieved by imposing that the unit cell element to be conformed on the reflectarray/reflector surface at coordinates (x, y, z) introduces a phase delay given by
where C is a constant value. In this communication, we have considered the flat reflectarray is shown in Fig. 2 . This antenna has been designed, built, and measured with the purpose of experimental validation of the concept of separation of the beams in dual-CP by VRT. The real circular polarized radiation pattern of the horn will be approximated by cos 20 (θ) function. The feed is located in (−0.1108, 0.0, 0.2384) (m) and it is oriented to point (−0.0145, 0, 0) (m) where we located a cross with its arms parallel to the coordinated axes. The Snell angle that in this case gives the direction of the main beam of the primitive antenna is of 22°. The reflectarray has been built imposing a phase difference between contiguous rows of 28.55°, in order to get a deviation of the beam of about 10°relative the primitive antenna. In particular, applying expressions (18), we obtain for the RHCP, a deviation of the beam of θ = +10.24°, and for the LHCP, a deviation of the beam of θ = −9.54°.
III. PROPOSED UNIT CELL FOR THE VARIABLE ROTATION TECHNIQUE
We consider a normally incident RHCP plane wave on a periodic array with the unit cell shown in Fig. 3 . The unit cell consists of a cross embedded in the interface of the two dielectric layers shown in Fig. 3(b) . The plane wave is propagating in theẑ -direction, with electric field expressed as
wherex andŷ are the unitary vectors along the x and y axes shown in Fig. 3(a) . The electric field of the reflected electromagnetic wave can be expressed as a sum of two circularly polarized waves that propagate in theẑ positive direction, according to [9] and [12] .
where R x x and R y y are the reflection coefficients for the field components oriented in the directions of the crossed dipoles in directions of the x -and y -xes, respectively (see Fig. 3 ). The first term of the sum in (24) is the reflected circularly polarized wave with the same direction of rotation as the incident field (RHCP), since the reflected wave propagates theẑ-direction and the incident waves propagates theẑ-direction. The phase of this wave is proportional to the rotation angle α of the cross. The second component is the reflected circularly polarized wave opposite to that of the incident wave. According to (24), the phase of the reflected RHCP wave is proportional to 2α when the following condition is fulfilled:
In other words, it is necessary to provide a differential phase shift of 180°between the reflection components of the orthogonal field in the directions of the cross arms (x and y ). Note that when the incidence is given in on a plane containing one of the cross arms, the cross-polar reflection coefficients are zero (R x y = R y x = 0)
because of the symmetry. Therefore, we need that the reflection coefficient matrix for lineal polarization should satisfy as close as possible to the following matrix equation:
where ∅ x is the phase of the R x x reflection coefficient. When this condition is fulfilled, the reflected field is
Assuming that (26) is fulfilled, the reflection matrix for the ideal element in circular polarization is as follows:
where r and l subindices denote right-and left-handed circular polarization components, respectively; and α is the angle of rotation of the crosses. Note that when the angle of rotation is 0, the phase of the reflected CP is the same as that x -field (∅ x ). When the orthogonal CP is incident, the reflected field will suffer a phase shift with opposite sign, proportional to −2α, as stated in [13] . On the other hand, the phase ∅ x provides an additional degree of freedom to change the phase of the reflected CP. If the phase difference between both reflection coefficients is not exactly 180º, then the reflection coefficients can be written as
where φ is the error in phase to obtain the 180º. The second term of (24) will produce a cross-polar component in the reflected field
Note that the phase shift for the cross-polar component of reflected field in CP is not produced by the rotation angle α of the element. This cross-polar component is only produced by the error in the phase φ.
The unit cell shown in Fig. 3 has been designed so as to obtain very good performances for the copolar and cross-polar components of dual-beam reflectarrays build using the VRT. We have considered the same working frequency 19.7 GHz. We consider the incident wave is forming an angle of 22°with the normal vector to the cross surface. We adjust three optimized pairs for the cross arms lengths to fulfill (25). The first pair of lengths has 6.0 and 4.9 mm for the larger and short arms of the cross, respectively. This pair of length has been obtained optimizing the response of the cross when its arms are parallel to the cell unit side (0.0°of rotation angle). The second and third pairs of length have been obtained by optimizing the response of the cross when it is rotated 22.5°and 45.0°and are given in millimeters by (6.14, 4.91) and (6.24, 4.92), respectively. We can notice that the design for rotation angles of 22.5°and 45.0°is also an optimum solution for rotation angles of −22.5°and −45.0°T herefore, we have five pairs of lengths, which provide the required value of 180°difference of phase between the copolar reflection coefficients R x x and R y y . Now, assume that for intermediate values of rotation angle, an optimized value for the lengths of the cross arms can be obtained by mean of a lineal interpolation of the pairs of lengths. Fig. 4 shows results obtained at 19.7 GHz of the optimized cell when the cross is rotated clockwise. These results have been obtained with the MoM formulation for infinite periodic structures [16] . Fig. 4(a) shows the phase error φ for the components in linear polarization at 19.7 GHz, according to (29). These errors are very small. In the worst case, 6°of phase error in the linear components will produce a level or cross polarization of −26 dB, according to (30) considering E 0 = 1. Despite this level of phase errors, in Fig. 4(b) , the phase curves show very linear behavior with respect to rotation angle and the slope is roughly +2 for R rr and −2 for R ll reflection coefficients. The amplitude of the reflection coefficients R rr and R lr components of the matrix of circular reflection components is shown in Fig. 4(c) . Similar results are obtained for reflection coefficients R ll and R rl . We can see that the level of the off-diagonal elements is roughly 30 dB below the 0 dB level of the diagonal elements. This fact will be very useful for obtaining reflectarrays design with a low level of crosspolar radiation.
IV. DESIGN, MANUFACTURING, AND TEST OF A 25 CM FLAT REFLECTARRAY DEMOSTRATOR
A square 25 × 25 cm 2 flat reflectarray was designed, built, and measured in order to experimentally validate for the first time that a single CP feed can be used to generate two closely spaced beam in orthogonal CP, by applying the VRT. Although the technique can be applied to arbitrary surfaces, in this case, the primary reflector is a flat plate that reflects the radiation pattern of the horn at an angle of 22°. By applying VRT, the two spaced beams are produced in orthogonal CP. The geometry is shown in Fig. 2 and details of its design are given in Section II.
A smooth multiflare multifrequency conical horn antenna designed, manufactured, and tested at the Universidad Politécnica de Madrid (UPM), Madrid, Spain, with a diameter of 54 mm has been When the reflectarray is not introducing any phase shift, the radiation pattern of the feed horn will be radiated at 22°, according to the Snell law. The objective is to deviate 10°the reflected beam in RHCP and −10°for LHCP. It was computed that the phase shift that must be implemented from one row to the next should be 28.55°, using RHCP. It was checked that this progressive phase distribution on the reflectarray surface produces a beam deviation of −10°in LHCP. The required rotation angles and dimensions of the crosses were obtained by a linear interpolation of the five optimized cells considering an incidence θ inc = 22°, ϕ inc = 0°. The 25 cm flat reflectarray with the resulting dimensions and rotation angles was simulated using the MoM software tool from newFASANT [16] .
The resulting dimensions and rotation angles were used to generate the mask for photoetching. The rotated cross was manufactured by chemical photoetching from a copper clad Arlon laminated 0.127 mm thick of relative dielectric constant εr = 2.3 and loss tangent, tanδ = 0.0025. The printed array was bonded to a 2 mm-thick Rohacell over a copper ground plane (FR4) and fixed with polyester screws. The flat panel and the feed chain were attached in a supporting structure to ensure the correct position of both parts.
The demonstrator was measured in the compact range anechoic chamber of UPM (see Fig. 5 ).
The measured radiation patterns in the offset plane are compared with the simulations at 19.7 GHz for both circular polarizations (see Fig. 6 ). An acceptable agreement is observed in the copolar patterns for both RHCP and LHCP to validate the proof of concept. The patterns correspond with the main beam of the illuminating horn deviated 10°for RHCP and −10°for LHCP, with respect to the specular direction 22°. Note that the cross-polar levels are high (15-20 dB below the maximum). These high levels of cross polarization can be attributed to errors in the phase difference of one linear component respect to the other around 10°, according to (30). Note that the cross-polar levels of the commercial polarizer were 16 dB. This cross-polar level increases the cross-polar radiation level of the reflectarray. The discrepancies between measurements and simulations can be attributed to phase errors, manufacturing tolerances, and discrepancies in the electrical properties of the materials. For example, the simulations have been carried out using the nominal values of the materials provided by the manufacturer at 10 GHz, but an increase in the loss tangent at 19.7 GHz will partially justify the reduction in gain. This increment in the loss tangent may be due to the moisture present in the Rohacell. Also, some phase errors are introduced in the design process. First, the direction of the main beam of the primitive antenna (22°) is not to close to the normal direction to the reflectarray plane as assumed in (4) . Second, the analysis and design techniques assume a fixed incidence angle (θ inc = 22°, ϕ inc = 0°), instead of the real incidence at each cell.
The radiation patterns have been measured in the principal planes at several frequencies (19.2, 19.7, 20.2, and 20.7 GHz) (see Fig. 7 ). The radiation patterns at different frequencies are pointing in the prescribed directions for RHCP and LHCP, but the levels of cross polar are in the orders of 15-20 dB below the maximum. The antenna gain at 19.2 GHz is 2 dB lower, because this frequency is out of the operating frequency on the polarizer (19.4-21.2 GHz).
V. CONCLUSION
A design technique has been proposed and experimentally validated as proof of concept for generating two closely spaced beams in orthogonal circular polarization using the VRT in reflectarrays printed on arbitrarily shaped surfaces fed by a single dual-circular polarized horn.
A 25 cm × 25 cm demonstrator has been designed, manufactured, and tested to deviate ±10°the beam of a dual-CP multiflared horn. The beams in RHCP and LHCP are radiated in the correct directions, in acceptable agreement with the design and simulations. The two adjacent beams in dual-CP maintain the correct directions in the prescribed frequency band (19.2-20.2 GHz). The results are satisfactory and validate the concept for generating two spaced beams in orthogonal CP with a single feed. The levels of cross polarization are high (15-20 dB below the maximum), because of the high sensitivity of cross-polar radiation produced by the phase errors of the two linear components.
